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Normal hearing depends on the amplification of sound in the cochlea. In this issue of Neuron, Fettiplace and
colleagues show that prestin-based amplification is a viable mechanism as it is not limited by the outer hair
cell’s membrane time constant as previously surmised.Naturehasdesignedanamplifyinghearing
aid into your inner ear. As we age, this bio-
logically based device may have to be re-
placed by a more visible electronic avatar
as the ravages of time take their toll. The
biological forerunner, however, is de-
signed around a cluster of sensory hair
cells, the outer hair cells (OHCs) of the
mammalian cochlea. For almost three
decades these cells have been known to
behave like biological piezoelectric actua-
tors, generating forces along their length
in response to any membrane potential
changes (Brownell et al., 1985; Ashmore,
2008). It is postulated that OHCs form
part of an amplifier that delivers enhanced
sound energy to the inner hair cells, which
in turn synapse with the dendrites of
the auditory nerve to encode the output
of the cochlea. OHCs are strategically
placed in the cochlea to sense small
displacements produced by incoming
sound. OHCs both sense sound-induced
vibrations as well as generate mechanical
forces in response to sound that are then
fed back to modify the (macroscopic)
mechanics of the cochlea (Fettiplace and
Hackney, 2006). The feedback loop (see
Figure 1) has to be fast enough to respond
to every cycle of the soundwave.Although
the limiting frequencies are ultimately set
by submicrosecond gating rates of the
hair cell mechanotransducer channel,
itself a molecular structure which stub-
bornly eludes identification, there has
been a running debate as to whether the
mechanical feedback forces generated
by the OHCs arise from changes in length
of the cell body or from the OHC stereoci-
lial hair bundle projecting from the cell’s
apex, (Figure 1; Hudspeth, 2008; Ashmore
et al., 2010).
OHC forces generated from changes in
length of the cell-body are attributed to
perturbations in cell membrane potentialtriggered by current entering through the
mechanotransduction (MT) channels in
the stereocilia. These somatic forces
have been traced to the protein prestin
that is densely packed into the cell’s
basolateral membrane, and which under-
goes rapid changes of area when the re-
ceptor potential changes. Isolated OHCs
generate forces in response to voltage
stimuli up to at least 80 kHz (Frank et al.,
1999). In the intact cochlea, however,
the electrical filtering effect of the cell
membrane, effectively possessing an
electrical time constant = RmCm, would
reduce potential changes to negligible
levels at any significant acoustic frequen-
cies. Consequently, even though prestin-
knockout mice are deaf (Liberman et al.,
2002; Mellado-Lagarde et al., 2008), the
proposal that the prestin-dependent cell
body forces account for functional ampli-
fication in the cochlea has never quite
held together. The central issue is known
as the ‘‘RC time-constant problem.’’ There
have been numerous solutions proposed
to address this conundrum. However,
the paper by Johnson et al. (2011) in this
issue of Neuron indicates a clear way out
of the impasse for prestin-based mecha-
nisms, for it shows that the OHC time
constants may have been significantly
overestimated. Methods for recording in
the mammalian cochlea have developed
slowly compared to recordings made in
other vertebrate species, and it is only
relatively recently that reliable recordings
of transduction currents have been made
from mature mammalian hair cells. John-
son et al. (2011) have recorded from both
rats and gerbils where OHCs can be
selected from known frequency points
along the cochlea. By measuring the
transduction and basolateral membrane
currents in OHCs from different cochlear
positions in excised cochleas, the paperNeuron 7shows that the OHC membrane filtering
may be an order of magnitude less than
previously thought. As a result, receptor
potentials would be uniformly larger.
The authors present several lines of
experimental evidence to support these
arguments.
First, they find that MT channel currents
are significantly larger when recorded
from OHCs taken toward the high-
frequency end of the cochlea. This obser-
vation has been inferred several times
from in silico cochlear model studies
(Mammano and Nobili, 1993; Ramamoor-
thy et al., 2007) and is seen in data from
nonmammalian cochleas, but the records
here show the effect clearly in mammalian
hair cells. Second, the paper shows that
resting transducer currents, irrespective
of cochlear place of origin, are further
enhanced when the OHC stereocilia face
low Ca2+ concentrations (20 mM) as they
do in the living cochlea (in vivo the stereo-
cilia project into a low Ca2+/high K+ con-
taining compartment, referred to as the
scala media). Johnson et al. (2011) find
that low external Ca2+ increases the
open-probability of the OHC MT channel
to near 0.5, thereby enhancing MT
currents evenwith no stimulus. As a result,
threshold sounds are expected to
produce transducer currents at the most
sensitive point of displacement-trans-
ducer current curve (Figure 1) and OHCs
would also have higher MT resting
currents. Consequently resting potentials
would be more positive than previously
thought, perhaps close to 40 mV. Sharp
microelectrode recordings in the early
1980s suggested that OHCs had a resting
potential around60 to70 mV. With the
hindsight of 20 years of OHC biophysics
it seems possible that the methods
could have biased the resting potentials
to more negative levels, possibly by0, June 23, 2011 ª2011 Elsevier Inc. 1021
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Figure 1. Cycle-by-Cycle Feedback Amplification in the Cochlea
A schematic functional diagram of each cochlear section, showing the
nonlinear transfer characteristics of the mechanoelectric transducer channels
of the hair cells and two possible components of outer hair cell (OHC) force
feedback: stereociliary motility (middle; green dashes) and prestin-driven
somatic motility (bottom). Inner hair cells (IHC) and outer hair cells (OHC)
both have sigmoidal displacement-transducer current (i/o) curves. It is thought
that at rest, the open probability of the IHC transducer channel is about 0.15. In
contrast, the resting open probability of the OHC channel in lowCa2+ would be
near the midpoint of the i/o curve optimizing the sensitivity of the OHCs but
producing a standing current through the cell. With sound stimulation, OHC
stereocilia (magenta) are displaced by the overlying tectorial membrane
(TM), leading to a transduction current and receptor potential, which is filtered
mainly by the membrane time constant of the OHC. This results in prestin-
dependent somatic force generation being a linear function of a membrane
potential, Vm, which is set by the balance of transducer (iT) and basolateral
(iK) currents through the cell.
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Previewsmechanically bending the
hair cell stereocilia slightly
during recording. And third,
the depolarized OHCs have
a high resting K+ conduc-
tance. The OHC basolateral
K+ conductance is largely
determined by KCNQ4 (Ku-
bisch et al., 1999) albeit with
a channel modifier that
strongly shifts activation in
the negative direction. How-
ever, in vivo OHC resting
potentials near 40 mV
would imply that the KCNQ4
channel is nearly fully acti-
vated. The effect would be
to produce a high resting
conductance, a short cell
membrane time constant
and therefore a large enough
receptor potential to drive
prestin, at least for cochlear
positions up to about 10 kHz
as explored in the paper.
What happensat still higher
frequencies? Some mamma-
lian cochleas, including those
of many rodents, are func-
tionally responsive to sounds
2–3 octaves higher (indeed
a mouse uses only the most
apical 20% of its cochlea for
the range considered normalby humans). Is it still possible that prestin
is not the mechanism employed at those
highest frequencies? The prediction of
the Johnson et al. (2011) paper is that
OHC transduction and basolateral
currents should continue to increase
together toward the cochlear base. The
cells from this region of the cochlea have
resisted detailed study, except by extrap-
olation from measurements at lower
frequencies. Remarkably, the density of
K+ channels in OHCs increases exponen-
tially along the cochlea toward the basal
(high frequency) end, making it increas-
ingly difficult to record from these cells.
The cells at the cochlear base are also
smaller and exceptionally fragile; even
the stereocilia are shorter (less than 1 mm
tall) rendering them difficult to stimulate1022 Neuron 70, June 23, 2011 ª2011 Elseviin vitro. Worse, conventional patch clamp
recording amplifiers have bandwidths
limited to around 10 kHz. All of these
factors conspire to make obtaining reli-
able data from high frequency cells that
muchharder andmodeling theanticipated
behavior becomes increasingly a part of
the experiment. It may be that prestin is
driven not only by the intracellular poten-
tials, but also by contributions from the
extracellular potential fields surrounding
the OHCs (Mistrı´k et al., 2009; Dallos and
Evans, 1995). Or it may still be that at the
very highest frequencies, motion of the
OHC hair bundle is the force-producing
structure responsible for cochlear amplifi-
cation (Hudspeth, 2008). Direct measure-
ments of these propositions have yet to
be carried out. Nonetheless, the paperer Inc.by Johnson et al. (2011) shows
that the jury is not quite back in
court but it may have reached
a verdict that prestin is indeed
responsible for amplification
over the full range of mamma-
lian hearing. New technical
developments, pushing the
envelope for high time-resolu-
tion techniques, are undoubt-
edly required to settle the
issue—a critical challenge for
auditory enthusiasts and neu-
ronally minded biophysicists
alike.
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